Ultrahigh-field (UHF) magnetic resonance imaging (MRI) systems are getting a lot of attention as they ensure high intrinsic signal-to-noise ratio resulting in higher spatial and temporal resolutions as well as better contrast. This promises improved clinical results with regard to morphological as well as functional and metabolic capabilities. Traditionally, MRI relies on volume coils (birdcage) able to deliver a homogeneous radio frequency field exciting the nuclei magnetic spin. However, this strategy is hindered at UHF because of the rf field inhomogeneities yielded by the increased Larmor frequency. A standard approach consists of inserting passive dielectric elements within the volume coil in order to locally enhance the rf field and mitigate these inhomogeneities. However, the lack of control over their electromagnetic properties prevents the development of optimal solutions. Here, a single meta-atom is used to achieve efficient and tunable rf field control in UHF MRI. We demonstrate theoretically and experimentally a full overlap between the electric dipolar and magnetic dipolar resonances of the meta-atom. This interaction is precisely tuned to reach the so-called Kerker scattering conditions when illuminated in the near field by a birdcage coil. At these conditions, a strong enhancement or suppression of the rf field is achieved in the vicinity of the meta-atom within the MRI volume coil.
I. INTRODUCTION
Since its discovery in the early 1970s, magnetic resonance imaging (MRI) scanners have become one of the most efficient diagnostic tools available for medical imaging. Also, over time, their magnetic field strength (B 0 ) has been steadily increased to enhance signal-to-noise ratio (SNR) [1] . Such a gain could be used to improve image sensitivity and spatial and/or temporal resolutions. Ultrahigh-field (UHF) MRI (B 0 ≥ 7 T) is identified as a potential candidate to detect early symptoms of serious neurodegenerative pathologies such as Alzheimer's disease [2] . This increasing B 0 induces a proportional increase of the Larmor or precessional frequency of the nucleus spin and a decrease of the corresponding wavelength (λ 0 ) for the radio-frequency excitation field. Consequently, the typical human body size (diameter of the head is around 16 cm) becomes non-negligible compared to the wavelength (λ at 7 T is equal to 11 cm in the body) and interferences can occur leading to bright and dark zones. At 7 T, rf field distribution in the human head presents a bright center and a weak periphery when transmit volume coils are used [ Fig. 1(a) ] [3] . This induces locally major losses in contrast or shadowing on the images depending on the MR acquisition strategy [white arrows in Figs. 1(b) and 1(c)]. Note that these losses appear in regions where the rf field drops below a threshold value around 40% of the maximum value. Such artifacts make UHF MRIs inadequate for several diagnostic purposes and represent a major bottleneck for a global application to the clinical environment.
Different approaches have been proposed to tackle this problem. The first one consists of using high dielectric constant pads surrounding the region of interest to locally enhance the rf field [4, 5] . Unfortunately, major drawbacks prevent their use in high-field clinical routine: performance decay over time and ecotoxicity of the active substances used conventionally [6] .
Another solution, called parallel rf transmission, has been introduced. It consists in placing several independent rf transmitters around the subject, instead of a single one on standard MR systems. Taking advantage of rf interference and dynamic modulation during the excitation, it is possible to obtain a much more homogeneous excitation [7] . These additional degrees of freedom provide a better control of the magnetization but also raise challenging problems in terms of workflow and safety. None of the solutions described above has been fully satisfactory for UHF MRI. To date, only the single transmit channel volume coil has received approval for 7 T MRI clinical applications [8] .
Recently, metamaterials have been introduced to control rf fields in the MRI context. Metamaterials are composite materials, most often made of resonant cells, whose effective properties mimic a homogeneous material that is not available in nature. Several implementations of metamaterials have been used to homogenize the field, enhance the SNR and the penetration depth for moderate field MRI [9] [10] [11] [12] [13] [14] [15] [16] and to a lesser extent for UHF MRI to enhance performances and the decoupling of surface coils [13, [17] [18] [19] [20] . However, none of these works has tackled the problem of the field inhomogeneity in UHF MRI volume coils. The latest developments propose to merge a metamaterials approach and high permittivity dielectric materials in order to access multiple degrees of freedom for the local enhancement of the rf field in MRI volume coils [21] .
A crucial aspect for the control of radiation lies in the ability to tailor simultaneously the electric and magnetic responses of a single scatterer. This was first theoretically envisioned by Kerker et al. [22] : for a particle with specific values of permittivity and permeability, the fields scattered by the induced electric and magnetic dipoles can interfere, thus leading to strong scattering anisotropy. This scattering anisotropy was recently measured in the microwave regime [23] and is referred to as first and second Kerker conditions corresponding to a zero backward scattering and a nearzero forward scattering depending on the excitation frequency. The Kerker conditions can also be extended to the case of a near-field excitation when considering an electric dipole emitter coupled with a scatterer with strong electric and magnetic responses [24] . We want to take advantage of this physical effect in the rf range in order to control the rf field distribution in a MRI volume coil. However, the large dielectric constant required and the lack of space between the coil and the subject led us to dismiss the use of dielectric materials.
In this paper, we propose a new passive method based on metamaterials to improve the rf field control in UHF volume coils. We demonstrate that the rf field distribution of a birdcage coil can be controlled by inserting a metaatom between the sample and the coil. A meta-atom can be designed using a single resonator element to build up a more complex unit cell using a coupling mechanism [25] . The meta-atom considered is based on a set of four hybridized resonant metallic wires. It is referred to as a hybridized meta-atom (HMA) in the following. First, we use an analytic approach based on impedance matrices in order to characterize the hybridization mechanism and derive the Kerker conditions. This model is used to describe the interaction between the HMA and a plane wave excitation as well as a near-field excitation (i.e., birdcage coil). Finally, we demonstrate experimentally that the HMA can controllably redistribute and reshape the rf electromagnetic field within a commercial birdcage coil in a 7 T MRI scanner.
II. RESULTS
A. Kerker conditions from HMA with far-field illumination A structure composed of several coupled resonators will present a new set of hybrid resonances. This effect is particularly striking when strong near-field coupling occurs as the distance between resonators decreases with respect to the wavelength considered. We apply this strategy in order to design our HMA structure with strong electric and magnetic effective induced dipoles. It is composed of four z-oriented thin metallic wires located at the corners of a rectangle of sides d 1 ¼ 1.5 cm and d 2 ¼ 2 cm. A single wire mainly interacts with the electric field along its axis and presents an electric resonance when its length approaches a multiple of half a wavelength. However, when several wires are used with subwavelength separation, the coupling or hybridization between the wires cannot be neglected when describing the response of the whole structure. Scattering and interactions of electromagnetic fields with objects are often characterized by the electric and magnetic polarizabilities. Although it is useful while studying scattering from Mie particles [26] , the impedance matrix approach borrowed from the antenna community is well suited for our problem. This approach is based on the derivation of the impedance matrix Z ij of the system, where i and j stand for the resonators' indexes. This matrix connects the different currents and voltages present in every element of the array and can be used to predict the behavior of complex arrangements of resonators [27] . The diagonal elements of this matrix give the selfimpedance of each isolated wire whereas the off-diagonal elements are the mutual impedances between the wires. This mutual impedance represents the open circuit voltage induced on a wire if one of its neighbors is excited. Thus, the contribution of the near field to the mutual impedance directly depends on the separation distance between the wires considered. As we consider only wires of length shorter than a full wavelength (almost 1 m at 297.2 MHz), we can assume that the current along z is a sinusoidal function as in Eq. (1):
Within this assumption, one can calculate the self-and mutual impedances of the system from a standard analytical derivation described in Eq. (2), where E ij corresponds to the z component of the electric field produced by the wire j along the wire i:
The analytical derivation of Eq. (2) is described in full detail in the Supplemental Material [28] . Once all the Z-matrix elements are evaluated, it is possible to access the electrical currents on every wire for a given driving voltage (currents and voltages are vectors) with the relation I ¼ Z −1 V. As we would like to characterize the response of passive wires (i.e., short-cut antenna), it is necessary to introduce a fifth wire represented in green in the sketch in Fig. 2 (a) as a driven element while the HMA wires remain passive. In this specific case, the Z matrix is a 5 × 5 matrix that can be computed at a frequency of 297.2 MHz (Larmor frequency of the hydrogen nucleus at 7 T). When placed in the far field of the HMA, the driven element acts as a plane wave source. We can access the current amplitude and phase in each wire of the HMA by inverting the Z matrix and use V ¼ ½1; 0; 0; 0; 0 as a voltage input (indices from 2 to 5 represent the short-cut HMA wires). A final step consists of calculating the radiated power P rad from the HMA. This requires the complex current and the positions of the HMA wires yet again assuming sinusoidal current distribution along z. We first calculate the radiation intensity Uðθ; ϕÞ from the four HMA wires and then perform the integration over all solid angles to obtain the total radiated power P rad :
Uðθ; ϕÞ sin θdθdϕ: ð4Þ
As shown in Fig. 2 (b), we calculate the power radiated by the HMA (solid red line) as a function of the wire length for a given plane wave excitation. A control case is done with a single wire located at the origin. One can observe that the HMA response shows two maxima, each one associated with a different hybrid resonance. The first broad peak at 0.47 m corresponds to the excitation of a dipolar electric mode where the four wires are excited in phase with the same amplitude (i.e., symmetric mode). The second sharp peak at 0.5 m corresponds to a dipolar magneticlike mode where the currents between the wires in y ¼ 0 and y ¼ d 2 are out of phase (i.e., antisymmetric mode). Because of the strong coupling within the HMA, the magnetic dipolar resonance presents a very high quality factor. On the other hand, the electric dipolar resonance of the HMA is significantly wider than the one obtained from a single wire. The structure of these hybrid resonances has been described previously for single magnetic mode volume coil applied to small animal MRI [17] .
Interactions of electric and magnetic modes help to gain control over the electromagnetic fields. Recent studies have put stress on backward and forward scattering control [23, 26] , near-field to far-field control, and possibilities opened for antennas [24] . Such a control over the scattered field requires the existence of two overlapping modes, which excludes single electric dipole coils or magnetic dipole coils [ Fig. 2(b) ]. These works follow a path opened by the seminal paper published by Kerker et al. [22] . Although most of these studies have considered dielectric resonators, we show here that we can obtain the same effect using HMA. In the case of dielectric resonators, specific index of refraction and diameter are required to control the number of excited modes and their overlap [24] . The dimensions and the spacing of the wires in our HMA structure are carefully chosen to obtain analog behavior. In our theoretical framework, the intensity radiated in the forward and backward directions is obtained with ϕ ¼ π=2 and θ ¼ AEπ=2, respectively; they are derived from Eq (3):
As shown in Fig. 2(c) , we can separate the response of the HMA onto the two different resonant contributions within the length range where these two modes coexist. The insets in Fig. 2(c) show the two radiation patterns obtained when the contributions are isolated. The electric dipolar resonance resembles a donut as the current distribution is invariant by rotation around the z axis. This is not the case for the magnetic dipolar resonance, which shows a variation on both angles. Strong scattering anisotropy is obtained when these two behaviors are combined for wire lengths of 49.6 and 49.8 cm [ Fig. 2(d) ], due to interference between the two overlapping resonances. These specific lengths correspond to the Kerker conditions: a reduction of the forward scattering (49.6 cm) and a cancellation of the backward scattering (49.8 cm). They are obtained for precise interaction of electric and magnetic responses within the HMA. A detailed derivation of the conditions based on the existence of electric and magnetic dipolar modes in dielectric particles can be found in Ref. [26] . This is the first demonstration of scattering anisotropy or Kerker conditions from a single HMA. The following demonstrates that these Kerker conditions can be used to control the rf field distribution in a birdcage MRI volume coil. 
B. Control of rf field within the MRI volume coil
A sketch of the considered geometry is presented in Fig. 3(a) . Our birdcage model is composed of 16 z-oriented wires (called legs) of length 28 cm equally spaced on a cylinder of radius 13 cm. The HMA is located at a distance S ¼ 2.5 cm of the rightmost birdcage leg. As explained in the Introduction, the magnetic spin of hydrogen is sensitive to the B [29] . Details of the derivation are presented in the Supplemental Material [28] .
These equations give the in-plane components of the magnetic field obtained in the median plane of a z-oriented thin wire of length L located in (0,0). The Biot-Savart quasistatic approximation is valid with an empty birdcage coil as the diameter represents a quarter of the wavelength. The amplitude of B þ 1 is shown in Fig. 3(b) ; it is used as a reference value. In order to obtain the currents on the HMA wires, we derive the impedance matrix when considering that the driven element is in the near field of the HMA (S ¼ 2.5 cm). Once we have the current distribution of the HMA, we can use Eq. (6) to calculate the magnetic field produced by the 16 birdcage legs and the four HMA wires with varying lengths. Then, a coherent sum of all the magnetic fields is realized before extracting the amplitude of B near-field amplitude in the birdcage coil. It is also very clear that the mode hybridization occurring in the HMA structure outperforms the single wire case in terms of bandwidth and enhancement factor. Moreover, the enhancement and the reduction of the B þ 1 amplitude both have a valuable impact on the MRI acquisition: it offers the ability to measure areas of the head which did not receive enough power initially and can also reduce the amplitude in the overexposed area that could potentially present safety issues [30] .
C. Experimental demonstration of Kerker conditions in MRI
MRI acquisition can be affected by a combination of many parameters, such as the size, the shape, and the relative permittivity of the subject. First, we decide to use a spherical phantom with low permittivity in order to strictly validate the theoretical behavior of the HMA. We realized a set of telescopic resonators made of four coupled metallic rods (radius equal to 0.5 mm) located at the corners of a rectangle of sides d 1 ¼ 1.5 cm and d 2 ¼ 2 cm. The length of the HMA can be tuned between 20 and 100 cm. The telescopic configuration and the size of the HMA were selected to keep the same configuration in all the experiments (i.e., to have continuously varying configurations). Experiments were performed using a birdcage head coil 1Tx/1Rx (Invivo Corp., Gainesville, FL) and a 16-cmdiameter spherical phantom filled with oil [ Fig. 4(b) ] on a 7 T Magnetom MRI (Siemens Healthineers, Erlangen, Germany) [ Fig. 4(c) ]. A sketch of the experimental configuration is given in Fig. 4(a) . B þ 1 maps were acquired with a magnetization-prepared turbo-Fast Low Angle Shot sequence (XFL) [31] with varying HMA lengths. In order to quantify the effect of the HMA, we have defined a ROI depicted by a red circle in Fig. 4(a) . The images were acquired for 30 different lengths of the HMA (all images are shown in Supplemental Material [28] ) and we have computed the averaged flip-angle values (proportional to B 
D. rf inhomogeneities reduction in realistic phantoms
In this experimental section, we demonstrate that the HMA can reduce the rf field inhomogeneities when inserted close to a phantom reproducing the electromagnetic behavior of the human body. We use a 16-cm-diameter sphere filled with an agar-agar gel with high permittivity ϵ r ¼ 74.2 and high conductivity σ ¼ 0.87 S=m. The B þ 1 distribution observed is highly inhomogeneous with a maximum at the center surrounded by a ringlike minimum region when measured with the birdcage alone [ Fig. 5(b) ]. This illustrates the impact of the wavelength reduction in the human body, as previously described in the Introduction (Fig. 1). A sketch of the experimental configurations is given in Fig. 5(a) . The HMA is located on the right-hand side of the phantom, and three ROIs are highlighted. The black circle corresponds to the whole phantom while the green and red circles are located in the center and in the vicinity of the HMA, respectively. B enhancement, the presence of the HMA also affects the amplitude of the central spot which is highly beneficial to the homogeneity of the rf field. This effect is clearly perceived in Fig. 5(d) , representing the field average in the three ROIs depicted in Fig. 5(a) . Indeed, one can see that the values averaged in the central spot (green line) and in the vicinity of the HMA (red line) are equal for a HMA length of 46.5 cm. Moreover, Fig. 5(c) shows that the B þ 1 amplitude is homogeneous in the area between the HMA and the center of the sphere, contrary to the strong dispersion of values obtained with the birdcage alone denoted by the dashed line in Fig. 5(d) . Note that this control over the rf field distribution does not perturb the matching of the birdcage coil. The measured total transmitted power at a constant input voltage (133 V) decreases by 2% at 46.5 cm length, whereas it reaches a minimum of 6% at 49.5 cm length. This result clearly demonstrates our ability to reduce the dispersion of the rf field amplitude in the phantom without inducing perturbations over the original coil properties.
Finally, we perform a comparison of the performances obtained on a specific anthropomorphic mannequin (SAM) phantom (SPEAG, Zurich, Switzerland) with our HMA and the reference high dielectric constant pads used in literature [32] based on a mixture of BaTiO 3 and water. B þ 1 maps are acquired with an actual flip-angle imaging sequence [33] . The results for the birdcage with SAM alone are presented in Fig. 6(a) . Once again, the characteristic inhomogeneous rf field pattern is obtained. The permittivity of the BaTiO 3 mixture designed is close to ϵ r ¼ 220, which is optimal for a 1-cm-thick pad [5] . The mixture is sealed in a plastic box of dimensions 12 × 10 × 1 cm 3 and placed on the righthand side of the SAM phantom. The effect of the BaTiO 3 pad is presented in Fig. 6(b) . A strong amplitude increase is observed in the area close to the pad. However, the pad configuration is not able to fill the gap between the side of the phantom and the central spot, meaning that the dispersion of B þ 1 amplitude values remains broad. A final measurement is realized with a 42-cm-long HMA placed at 2 cm from the right-hand side of the phantom. The HMA provides a similar enhancement of the B þ 1 amplitude on the right-hand side of the SAM phantom. Nonetheless, the HMA configuration is such that we are able to merge the two high-amplitude spots into one large area with low dispersion in terms of B þ 1 amplitude values. This is highly beneficial to the SNR and biological contrast recovery for in vivo MRI applications. Furthermore, it clearly shows the benefits of the metamaterial approach developed here compared to the actual benchmark in terms of rf passive shimming.
E. Signal-to-noise ratio evaluation
In order to fully assess the performances of our rf shimming approach, we explore the effect of the HMA structure in terms of signal-to-noise ratio. In this section, we compare the signal-to-noise ratio obtained with the 7(d) show that even at the same input power, and after correction for flip-angle heterogeneity bias, receiving SNR is locally improved by the HMA insertion. This result can be interpreted through the reciprocity principle [34] , where gain in transmission can also be observed in reception from the linearly polarized magnetic field emitted by the HMA. Moreover, it also goes with a better noise figure in reception as the noise level measured at the analog-to-digital converter is reduced by 9%. Consequently, we obtain an enhancement of the SNR over the right hemisphere of the phantom. We observe a maximum of 150% enhancement in the original dark spot produced by the birdcage alone. One can notice a reduction of the SNR within the dark spot located on the opposite side, as previously observed with a single dielectric pad. This results show that besides the clear advantage of local B þ 1 enhancement provided by the HMA, the reception path benefits also from the presence of the HMA within the birdcage coil.
III. CONCLUSION
In conclusion, the results we present here demonstrate a strong impact of HMA on the B limitations of the dielectric pads. As metallic metamaterials are not subject to aging, they will keep their performance along time; moreover, they are cost effective and very easy to manufacture. The HMA equivalent dielectric constant is also tunable by simply modifying the length and the distance between the rods. Thus, in a first approach, HMAs could be used similarly to dielectric pads but allowing a higher degree of control in the rf field distribution. In addition, we show that we could strongly increase or reduce the B þ 1 field when the Kerker scattering conditions are set. Decreasing the B þ 1 field in specific regions may also have applications for shielding metallic implants [30] , for example. The developed solution could be directly used to improve functional MRI imaging. Indeed, it has not been fully optimized for imaging but should be seen as a proof of concept of the control of the rf emission for UHF MRI. Future work will consider a combination of several HMA structures inside the coil to not only restore locally the B þ 1 excitation but also improve the B þ 1 dispersion in the whole brain at 7 T [35] . In addition to the padding route, a different approach could be developed considering the HMAs and the birdcage coil as a whole, which should be designed in order to be insensitive to individual variability [36] .
IV. METHOD
Validation experiments were performed on a homemade 16-cm-diameter spherical phantom containing 1% agar and 0.4% NaCl (ϵ r ¼ 74.5, σ ¼ 0.78 S=m) and on a specific anthropomorphic mannequin phantom (SPEAG, Zurich, Switzerland) filled with HT0300 liquid (ϵ r ¼ 45.3, σ ¼ 0.87 S=m) using a birdcage 1Tx/1Rx head coil (Invivo Corp., Gainesville, FL) in a 7 T Magnetom MRI scanner (Siemens Healthineers, Erlangen, Germany).
Experimental B þ 1 maps were acquired with the XFL MRI sequence [31, 37, 38] in the coronal direction. It is based on a 2D Turbo-FLASH readout sequence, acquired once with a 5 ms 90°Shinnar-Leroux minimum-phase saturation pulse (SAT) [37, 39] 
where S SAT and S REF are saturation and reference magnitude signal images. The B þ 1 field map can then be extracted using the following formula:
where α is the measured flip angle in degrees, γ is the gyromagnetic ratio in Hz=μT, τ is the saturation pulse duration, and SATðtÞ is the waveform of the saturation pulse in volts. Proton density weighted images used in Sec. II E are obtained with a gradient echo sequence with TR ¼ 5 s, TE ¼ 1.9 ms, FA ¼ 90°, BW ¼ 1563 Hz=px, field of view of 256 mm 2 on 64 × 64 pixels with 4 mm isotropic voxel size. For this proton density weighting with TR > 5T 1 , the signal s GRE obtained in the function of the position r is s GRE ðrÞ ¼ M 0 ðrÞE 2 RðrÞ sin θðrÞ;
with M 0 ðrÞ the longitudinal magnetization available, RðrÞ the reception profile, the flip-angle map θðrÞ, and the factor E 2 ¼ e −TE=T Ã 2 . This last factor has a reduced impact since TE is lower than T
